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O F ALL the elements required for the growth andre­production of plants, nitrogen is the most expensive when secured commercially. It is also one of the 
elements most readily lost by leaching and is the one .which 
limits corn yields pn most Illinois soils. 
Many farmers, consequently, have been concerned about 
the possibility of obtaining cheaper nitrates thru the de­
velopment of nitrate manufacturing plants in the United 
States. Other farmers have not waited for cheap nitrates 
to be produced commercially,-they have located nitrogen 
factories on their own farms in the nodules on the roots of 
legumes, and ·their factory workmen are the microscopic 
bacteria that live within the nodules. It is these bacteria 
that have the job of converting the raw nitrogen of the air 
into a form that plants can use, and they do this work with­
out any charge.. As one writer has said, "They not only 
work for nothing and board themselves, but they pay for 
the privilege." 
The corn-belt farmer thus has access to an unlimited 
supply of nitrogen for the production of superior crops and 
the builqing up of the fertility of ·his soil when he makes 
sure that inoculated legumes are grown on his land. 
Urbana, Illinois February, 1928 
A NITROGEN FACTORY. ON 
EVERY FARM 
By 0. H. SEARS) Assistant Chief in Soil Biology 
It is doubtful whether any other crop plants have had such 
phenomenal increase in acreage in Illinois as have soybeans and sweet · 
clover. This gain in popularity, which has exceeded even the general 
acclaim with which alfalfa was received, may be attributed to several 
factors, but chiefly to appreciation of the value of leguminous rough-. 
age for livestock feeding and the recognition of the need of crops 
which will heip to restore or at least maintain the rapidly declining 
productivity of the soil. 
Since both soybeans and sweet clover are compq,ratively new 
crops on many farms, bacteria suitable for the production of nodules 
on their roots are generally absent from the soil in which these crops 
are seeded for the first time. Many farmers, consequently, who have 
neglected to inoculate their soil have failed with sweet clover, and 
others have not secured the maximum benefits from soybeans. Obser­
vations made in a number of soybean fields indicate that 60 percent 
of the soybean acreage in Illinois lacks adequate inoculation. Other 
legumes, likewise, ofte~ fail to show satisfactory nodule development 
unless they are artificially inoculated. 
Inoculated Legumes Build Up Soil 
Legumes have long been recognized as "soil improvers." Even 
before the reasons for this were known it was observed that the 
growing of clovers and other legumes tended to make soils more 
productive, whereas the continued growing of non-legumes led to soil 
depletion. It is now generally recognized by farmers as well as investi­
gators that the beneficial effect of legumes upon succeeding crops is due 
largely to three circumstances : organic matter is added in the resi<fues ; 
various plant food elements are made available by the decaying plant 
material; and the fixation of nitrogen is brought about by the activities 
of the nodule organisms. For the first two purposes even uninoculated 
legumes have some value but for the third -purpose, the fixation of 
nitrogen, the presence of nodules on the roots is essential. 
In order, therefore, to function most effectively as soil builders, 
legumes must be inoculated. 
Uninoculated Legumes Are "Soil Robbers" 
Unfortunately, as already pointed out, legumes are not always 
inoculated, and when they are not, their nitrogen supply, as well as 
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their mineral requirements, must come from the soil. Since they are 
heavy feeders upon nitrogen, as well as upon other plant-food elements, 
they may be the most effective "miners" of soil fertility of any crop 
grown on the farm. Instead of serving as a place for these minute 
nitrogen-fixing factories to locate, they function as a drain, absorbing 
and carrying off the already limited supply of soil nitrogen. 
Frc. 1.-A WELL-INocuLATED SoYBEAN RooT 
The nodule bacteria shown in the insert are enlarged al­
most six hundred times. Success or failure with legumes de­
pends upon the presence of these minute organisms. 
An examination of the roots of legumes will show whether they 
have been successfully inoculated. If plants from several parts of the 
field show abundant nodule development, obviously there is no need 
for further inoculation. It is necessary to use care in digging up the 
plants for observation, for the nodules are easily stripped from them. 
Some Soil Nitrogen Used Even by Inoculated Legumes 
. Under the best conditions, even inoculated legumes secure but a 
part of their nitrogen supply directly from the air. They seem to 
prefer nitrate nitrogen, which they can get only from the soil, and this 
they utilize so far as possible. Because of this preference we find that 
approximately one-third of the nitrogen found in inoculated legume 
plants comes from the soil and two-thirds from the air. It is apparent, 
therefore, that ' the only way to increase the soil supply of this im­
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portant element is to return the legume crop, or a portion of it, to the 
soil in the form of roots, stubble, residues, or as green or stable 
manure. 
Legumes Differ in Value for Soil Improvement 
The benefit to be derived from the growing of a leguminous crop 
is lar.gely determined by the method of using it, and different legumes 
call for different methods. 
If the supply of nitrogen in the soil is actually ·to be built u,p and 
added to, a larger proportion of the tops must be returned in the case 
of some legumes than is necessary with others. Nine-tenths of the 
substance of the soybean plant, for example, is in the tops, only about 
one-tenth being below the ground. The alfalfa plant, on the other 
hand, has about half its growth below the ground. It is readily seen, 
then, that if the whole soybean crop is removed and nothing returned 
in the way of manure or threshed straw, the soil nitrogen is bound to 
be depleted even tho the plants have been inoculated. The removal 
of a crop of alfalfa, on the other hand, has a much less serious effect, 
because of its large growth below ground which is never removed. 
Soil improvement can be accomplished, therefore, by returning a major 
portion of inoculated legumes to the soil in one form or another. 
It is recognized that legumes may influence -the nitrogen content 
of the soil indirectly, by creating favorab~e conditions for the activity 
of other nitrogen-gathering bacteria. For that reason it is doubtful 
whether the true worth of legumes is accurately evaluated by meas­
uring only the nitrogen added directly thru the return of their tissues 
to the soil. 
Inoculation Increases Yields 
If inoculation had no effect other than that of "soil building," it 
would be highly worth while. In addition to the improvement of the 
soil, however, which is a slow and gradual process, the value of inocu­
lation is manifest in other ways also. Very striking immediate effects 
are frequently observed in increased yields and improved quality. 
As far back as 1902 Doctor C. G. Hopkins showed that the pre­
vious unsuccessful attempts at growing alfalfa in this state were largely 
due to a lack of inoculation. He was able to double the yield of alfalfa 
hay by inoculating alfalfa plants with suitable bacteria, thus freeing 
the plant from the limitations of soil nitrogen and enabling it to secure 
from the atmosphere a large part of the nitrogen needed for its growth. 
More recent experiments have shown that very definite increases 
in the yield of soybeans, both hay and seed, may be secured thru 
proper inoculation. By referring to the following figures, it may 
be readily observed that the presence of suitable bacteria has a marked 
influence upon the yields of the soybean crop : 
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ACRE YIELDS OF MANCHU SOYBEANS 
Tons of ha}' Bushels of seed 
Inoculated.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.99 33.9 
Uninoculated.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.07 21.5 
Increase due to inoculation.................... .92 12.4 
Altho these results are not so striking as those secured with 
alfalfa, yet they represent an increase of approximately 50 percent: 
FIG. 2.-UNINOCULATED AND INOCULATED SwEET CLOVER GROWING 
IN NITROGEN-DEFICIENT SOIL 
The soil in these pots was supplied with all the nece-ssary plant-food ele­
ments except nitrogen. In the pot at the right the proper nodule bacteria were 
applied, with the results indicated. An acre of such inoculated sweet clover will 
secure as much nitrogen from the air as is contained in 10 tons of stable manure. 
By assigning money values to the hay or seed, we. may get some 
idea of the value of this treatment just from the standpoint of yields, 
disregarding its value in improving the soil. Assuming that soybean 
hay sells for $15 a ton a·nd that the cost of harvesting and marketing 
is $5 a ton, the net value of the increase secured by inoculation is 
$9.20. If we further assume that 2 bushels of seed are sown per acre 
--
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and that it costs 50 cents a bushel for inoculation, the interest on the 
investment in the inoculation is 920 percent. Who would not take ad­
vantage of an investment yielding such a return? 
Altho these increased yields resulting, from inoculation are not 
unusual, ·it should not be assumed that such gains will be secured un­
der all conditions. While to the casual observer, all sheep of a flock 
may appear alike, yet to the careful shepherd each one has its own 
peculiarities. In the same manner all land may be dirt to the un­
initiated but each field has individuality to the thoughtful farmer. The 
response to inoculation is one of these points of individuality which 
varies from field to field and from farm to farm, being influenced by 
the fertility of the soil, the less productive soils giving a higher per­
centage increase than the more fertile fields. In fact, on the best soils, 
it may even. happen that no increase is obtained. This does not mean, 
however, that there is no direct benefit from inoculation, for we still 
have to consider the quality of the crop. 
Inoculation Improves Quality of Crop 
Information secured at this and at other experiment stations indi­
cates that the protein content of legumes is increased thru inoculation 
even tho there be no increase in yield. Striking increases in the protein 
content of alfalfa hay have been reported. Some indication of the 
importance of inoculation, from the standpoint of protein content, is 
given by the following table : · 
GAIN IN PROTEIN CONTENT OF ALFALFA HAY DUE TO INOCULATION 
Percent protein 
Gain forLocation In inoculated In uninoculated inoculation 
plants plants 
perct. lbs. per ton 
17.81 15.60 Canada ......... 2.2 44.00 
16.80IUinois ......... 12.30 4.5 90.00 
21.60Minnesota ...... 19.70 38.001.9 
120.00Nebraska ....... 15.10 6.09.10 
Wisconsin ...... 26.80 60.0023.80 3.0 
-7~Average ...... 19.60 3.516.10 
Here is an average gain of more than 70 pounds of protein per 
ton of hay for inoculation. Thus a ton of alfalfa hay grown from 
inoculated plants contains as much protein as is contained in a ton of 
alfalfa grown from uninoculated plants plus one-half ton of timothy 
hay. 
In addition then to being indispensable for the maximum yields 
of legumes, inoculation is effective in increasing the feeding value of 
the crop by increasing its protein content. 
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Inoculation Not a Substitute for Other Soil Treatments 
Since the success or failure of a legume crop may be determined by 
the presence or absence of suitable bacteria, the importance of proper 
inoculation is apparent. 1f, in addition the yield of the crop is in­
creased and its quality improved, it seems doubtful whether any kind 
of soil treatment returns a greater interest on the investment than 
inoculation. Applications of fertilizers must be repeated if a highly 
productive soil is to be maintained, whereas once a limed soil is ade­
quately supplied with the proper legume nodule bacteria, further inocu­
lation is unnecessary when the legume appears regularly in the rota­
tion. Furthermore, the cost per acre is very low. 
It should not be assumed, however, that inoculation takes the 
place of other soil treatment. In fact , it is most effective upon the 
soils in which the lime requirement has been satisfied and where the 
supply of available minerals is adequate for maximum yields. 
What Legumes Should Be Inoculated 
In general it may be said that any legume which has not previously 
grown on the land and shown abundant nodule formation should be 
inoculated, for there is no one kind of nodule organism that is capable 
of producing nodules on all classes of legumes. 
It is true, however, that certain different species of legume crops 
are infected by the same kind of organism. When an organism from 
one species of legume is capable of inoculating another species, such 
an organism, and the legumes also, are said to be cross-inoculating. The 
legumes commonly grown in Illinois which cross-inoculate are indi­
cated by the following groupings: 
Group 1. Red clover, mammoth clover, alsike clover, and white 
clover. 
Group 2. Alfalfa and the sweet clovers. 
Group 3. Cowpea, Japan clover, lima bean, velvet bean. 
Group 4. Soybeans. 
Group 5. Vetches, garden and sweet pea. 
Group 6. Garden and field bean. 
Any member of one of these groups will inoculate any other mem­
ber of the same group, but will not affect a member of a different 
group. Thus, alfalfa bacteria will produce nodules upon the sweet 
clover plant but not upon red clover. In general, the soybean and cow­
pea groups of organisms are not interchangeable, altho some strains of 
each group are effective in the other group. 
"Sweet" Soils More Favorable to Nodule Bacteria 
Inoculation may also be necessary when the legume to be planted 
has not been grown on the land for a number of years, particularly if 
the land is in a low state of fertility. Soils which are distinctly acid 
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are less favorable for the life of these organisms than are those which 
are well supplied with limestone and fresh inoculation is more likely 
to be necessary on them. On the University South Farm at Urbana, 
the number of soybean nodules per plant, four years after the growing 
of a well-inoculated soybean crop, was nearly twice as large on limed 
FIG. 3.-COWPEA PLANTS SHOWING THE INFLUENCE 
OF INOCULATION 
The sand in both jars was completely lacking in nitrogen. 
The inoculation of the plant on the left with the proper 
nodule bacteria was responsible for the difference in growth. 
as on unlimed land. On. well-limed land on the LaMoille soil experi­
ment field, soybean bacteria had apparently lived for seventeen years 
in the absence of the host plant. 
.For most legume crops, after the land once becomes thoroly inocu­
lated, there is little need for further inoculation providing the same 
legume or one in the same group appears on the land every five or six 
years. 
Red Clover Inoculation Sometimes Necessary 
The need for red clover inoculation in Illinois depends upon local 
conditions. In some places it may be worth while. Most soils in the 
state, however, have secured a natural inoculation for this crop thru 
years of clover cropping, and since the nitrogen-gathering bacteria live 
for several years in fertile soils, it is likely that there will be a suffi­
cient number of them present for adequate inoculation. When the soil 
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is badly run down, the small amount of money and labor required for 
inoculation will certainly be justified. 
No One Best Method of Inoculation 
The object of inoculation is to supply the soil with bac.teria suit­
able for nodule production on the legume which is to be grown on 
the land. The method which will accomplish this pu·rpose with the 
least expenditure of time and money without any accompanying dis­
advantages is the one which the farmer should use.. Obviously no one 
method may be expected to fulfill this requirement in all cases. 
Soil Methods Successfully Used 
Direct Soil Transfer.-After the value of the inoculation of le­
gumes was first recognized, the bacteria were carried to new fields 
thru a direct transfer of soil. This consisted in spreading inoculated 
soil upon the field in which inoculation was desired, from 200 to 600 
pounds of the soil being applied to each acre. This was a very ef­
fective method and splendid results were secured by many farmers in 
this way; However, there are some objections to this method. The 
cost of procuring and spreading such a large quantity of soil is con­
siderable. There is the possibility of scattering weed seed and also 
the danger of spreading plant diseases. The latter point is particularly 
important with crops such as canning peas., where pea blight and root 
rot may be carried from field to field. 
The ((Muddy Water" Method.-This method has been used ex­
tensively in Illinois and proved satisfactory. To inoculate one bushel 
of seed, one quart of water is added to one quart of well-inoculated 
soil. After stirring for approximately five minutes in order to break 
up all the lumps of soil and to permit the bacteria to be washed into 
the muddy water, the mixture is allowed to stand for a few minutes 
until the coarser soil particles have settled. The trash is then removed 
and a pint of this muddy water is poured over a bushel of seed and 
thoroly mixed with it, so that every seed is moistened. The excess 
water may then be absorbed by sprinkling some of the dry pulverized 
soil ·upon the seed and mixing again. 
The Glue Method.-This is also a modification of the soil method 
but differs from the muddy-water method in that the seeds are first 
moistened with a dilute solution of carpenter's glue ( 3 ounces of glue 
to 1 gallon of water) and then a quantity of pulverized, inoculated 
soil is sprinkled over the seed until every seed has received a coating 
of 'the soil. The seed should then be spread out and allowed to dry 
before bagging. 
In all of these soil methods of inoculation, it is important to secure 
the right kind of soil. To be used successfully for inoculating pur­
poses, the soil must be taken from a field in which a legume has grown 
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that is of the same cross-inoculating group as the legume to be seeded, 
and the roots must have shown abundant nodule development. Fur­
thermore, in order to be certain that the soil is well supplied with 
bacteria, it is desirable to collect it in the fall by taking it from around 
the roots of the legumes and to include both nodules and roots. This 
soil may then be bagged and stored in a cool place until the next year. 
Some Illinois · farmers have gone so far as to collect several quarts of 
nodules in the fall and place them in a small box of soil in the garden. 
As these nodules decompose they furnish an abundance of organisms, 
making the soil in the box suitable for use in either of the methods 
suggested above. 
Commercial lnoculants Have Some Advantages 
It is now possible to grow legume bacteria in the laboratory and 
then transfer these organisms to. the proper legume seed very success­
fully. The development of this method has reached the point where 
nodule bacteria may be secured from a large number of commercial 
laboratories at a cost ranging from twenty cents to one dollar for a 
quantity sufficiently large to inoculate one bushel of seed. 
The chief advantage of the commercial culture lies in the fact 
that it is less difficult to handle than soil. Also where pure cultures 
are used, there is no chance for transplanting weed seeds or injurious 
plant diseases. The only serious objection to the use of this kind of 
inoculant is that cultures secured from different laboratories vary 
somewhat in their effectiveness. 
Seed Should Be Sown Soon After Inoculation 
Some attempts have been made by seed dealers to inoculate legume 
seeds before shipping them to the consumer. Rec~nt information, how­
ever, indicates that much better nodule formation is obtained when the 
seed are inoculated at the time they are sown. The bacteria are rap­
idly killed by drying, and within even a few days after they are ap­
plied to the seed a large number will have perished. Since only a few 
minutes are required to inoculate and dry the seed, the little incon­
venience experienced by inoculating at the time of seeding is well re­
paid by the better results secured. 
Do Sunlight and Freezing Injure Legume Bacteria? 
The question whether sunlight and freezing injure legume bacteria 
is frequently asked in connection with the seeding of clovers in Febru­
ary arid March. Experiments have shown that there is little injury 
to organisms on freshly inoculated seed sown in the early spring. 
Bacteria are able to survive extremely low temperatures, but ordinarily 
are killed very quickly at high temperatures. 
. ~. ~ ~1 & 
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;·: :: · While if''-is .thte';:that bacteria are killed by sunlight, a sufficiently 
large number of organisms apparently are protected by the seed and 
the soil to give adequate nodule production where the seed has been 
inoculated with good cultures. It is important, however, to dry the 
freshly_inoculated seed away from the sunlight. 
No Benefit -From Inoculation of Non-Legume Crops 
vVith the development of an increased interest in the relation be­
tween the bacteria of the soil and soil fertility, a number of com­
mercial concerns have prepared bacterial cultures for the inoculation of 
non-legume crops. While many of these materials contain beneficial 
organisms, the same kinds of organisms are already present in most 
soils. These products consequently have failed to justify the claims 
made for them. An improvement of the bacterial population of a soil 
is much more readily brought about by improved methods of soil man­
agement which encourage the growth of the organisms already present, 
than by additions of bacteria. Only when the organisms are nearly 
or entirely absent may benefits be expected from this kind of inocula­
tion. 
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